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ABSTRACT 

In multiple-universe models, the constants of nature may have different values in 
different universes. Agrawal, Barr, Donoghue and Seckel have pointed out that the 
Higgs mass parameter, as the only dimensionful parameter of the standard model, is 
of particular interest. By considering a range of values of this parameter, they showed 
that the Higgs vacuum expectation value must have a magnitude less than 5.0 times its 
observed value, in order for complex elements, and thus life, to form. In this report, 
we look at the effects of the Higgs mass parameter on the triple-alpha process in stars. 
This process, which is greatly enhanced by a resonance in Carbon-12, is responsible for 
virtually all of the carbon production in the universe. We find that the Higgs vacuum 
expectation value must have a magnitude greater than 0.90 times its observed value 
in order for an appreciable amount of carbon to form, thus significantly narrowing the 
allowed region of Agrawal et al. 
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The anthropic principle]]]] states that the parameters of our Universe must have values 
which allow intelligent life to exist. It is a principle which has existed in some form or 
another since the beginning of human history. It has countless formulations, many of 
which have religious overtones. In recent years, however, the anthropic principle has been 
revived as a method of explaining some fine-tuning problems. For example, Weinberg has 
considered whether the principle can address the relative smallness of the cosmological 
constant. 

In its weak form, the anthropic principle states that, because we are here to observe 
them, the observed properties of the universe must have values which allow life to exist. 
This may seem somewhat obvious or circular, but it becomes significant in some physical 
theories which support the existence of domains in the universe in which different param- 
eters are applicable. In chaotic inflation models||, for example, different domains may 
have different Higgs vacuum expectation values. These domains can be regarded as dif- 
ferent universes. Alternatively, in regions of high gravitational curvature, new universes 
may, in some models, "pop" out of the vacuum; these new universes may have different 
values of the parameters. Thus, considering how our universe (and the life therein) would 
evolve if the parameters of the standard model were changed may be physically relevant. 

The standard model has (including neutrino masses and mixing) some 24 parameters. 
Thus, any complete study of the anthropic principle would involve study of a complex 
24-dimensional parameter space. In two recent papers^], Agrawal, Barr, Donoghue 
and Seckel(ABDS) noted that the Higgs mass-squared parameter is of special interest. It 
is the only dimensionful parameter in the model, and multiple-universe models may be 
more likely to have varying dimensionful couplings than varying dimensionless ones. The 
Higgs mass-squared parameter is also unnaturally small compared with the parameters 
of more general theories, such as grand unified theories. 

ABDS considered the range of anthropically allowed values of the Higgs mass-squared 
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parameter, /i 2 . They considered values of this parameter ranging from —Mp L to M 2 PU 
where Mpi is the Planck scale, and we define the sign of fi 2 to be negative in the standard 
model. ABDS considered both the cases fi 2 < and fi 2 > 0. In the latter case, the 
electroweak gauge symmetry is still broken by quark condensation ((qq) ^ 0). For the 
fi 2 < case, they found that as one increases the Higgs vacuum expectation value 



v = ((p) = J from its standard model value, v , the first major effect occurs when 
the deuteron becomes unbound. This occurs when v/vq reaches a value of 1.4 — 2.7, 
depending on the nuclear physics model, and is due to the increasing neutron-proton 
mass difference. When v/vq is greater than about 5.0, all nuclei become unstable. They 
argue, therefore, that one must have v/vq < 5.0 (and possibly less than 2.7) in order 
for complex elements to form, and thus life. They also note that for v/v > 10 3 , the 
A ++ becomes stable relative to the proton, leading to a very unusual universe indeed. 
For jj 2 > 0, the weak scale becomes of the order of magnitude of the QCD scale, and 
chemical and stellar evolution become much more complicated. 

One process not considered by ABDS is the triple-alpha process in stars. This process 
occurs when two alpha particles first fuse into beryllium ( A He + A He — > 8 Be). The 
beryllium has a very short lifetime (of order of 10 -16 seconds), but lives long enough for 
further interaction with a third alpha particle ( 4 He + s Be — > 12 C*) to produce carbon. 
Virtually all of the carbon in the universe is produced through this process. This process 
is anthropically significant PJ because it depends very precisely on the existence of a + 
resonance 7.6 MeV above the ground state in l2 C. The existence of this resonance was 
one of the first, major successful predictions of astrophysics; being predicted by Hoyle|| 
long before the discovery of the resonance. Without this resonance, little carbon will be 
produced. Without carbon, it is difficult to see how life could spontaneously develop. 
Life, as we generally define it, requires the existence of a molecule capable of storing 
large amounts of information, and it is impossible for hydrogen and helium to form 
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such molecules. Since the existence of the resonance is a very sensitive function of the 
parameters of the model]!), one might expect it to give much more stringent bounds on 
v/vq than those obtained by ABDS. In this Brief Report, we examine the dependence of 
this process on /z 2 , and significantly narrow the range found by ABDS. 

There have been several calculations concerning the anthropic significance of the 
triple-alpha process. Livio, et al.JTJ calculated the sensitivity of the amount of carbon 
production to changes in the location of the + resonance, but did not address the 
underlying physics behind the location of the resonance. Oberhummer, et al.|| then did 
a detailed nuclear physics calculation of the sensitivity of the location of the resonance to 
the strength of the nucleon-nucleon potential. This required considering several different 
models for the nuclear reaction rates. They found that a change of only a part in a 
thousand in the strength of the nucleon-nucleon interaction will change the reaction rate 
of the triple-alpha process by roughly a factor of 20, and a change of two parts in a 
thousand changes it by roughly a factor of 400. 

The strength of the nucleon-nucleon interaction, however, is a very complicated func- 
tion of the many parameters of the standard model. Our objective is to relate this 
strength to changes in the vacuum expectation value of the Higgs boson, v. Changing 
v will change the quark masses, and will also change the value of the QCD scale. Both 
of these are addressed by ABDS. The quark masses change in a very predictable way: 
m q ~ (v/vq). The QCD scale, A, which is sensitive to the quark masses through thresh- 
old effects (it is assumed that the high energy value is unchanged), is found by ABDS 
to scale as (v/vop, where ( varies between 0.25 and 0.3 — we will take it to be 0.25 in 
this work. From these variations, one can calculate the variation of the relevant baryon 
and meson masses, and convert that into an effect on the strength of the nucleon-nucleon 
interaction. 

The phrase "strength of the nucleon-nucleon interaction" is, of course, somewhat 
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ambiguous. Oberhummer, et al.||, simply multiplied the interaction by a constant. 
When the meson and baryon masses change, however, the entire shape of the potential 
changes. A precise analysis would necessitate using this full potential in the calculation of 
the triple-alpha process. However, these calculations use "phenomenological" parameters, 
which are experimentally determined, and the variation of these parameters with v is 
unknown. We therefore estimate the size of the effect by finding an "average" value of 
the potential, defined as 

where ip is the two-nucleon wavefunction, obtained by solving the Schrodinger equation, 
and compare this with Oberhummer, et al. We now have to determine the dependence 




Figure 1: The nucleon-nucleon potential, from Ref. f9j. The a is believed to be a two-pion 
resonance, although it may be a real, but very broad, physical state. 



of the potential on v/vq. 

The nucleon-nucleon potential has three main features, shown in Figure 1. There is a 
repulsive core, an attractive minimum and a long-range tail from one-pion exchange. We 
will look at two different models for the nucleon-nucleon potential. The first considers 



the repulsive core to be due to the exchange of the u vector meson, and the attractive 
minimum to be due to the exchange of the hypothetical sigma meson. Controversy exists 
as to whether the sigma meson is an actual particle with a large width, or simply a 
correlated two-pion exchange. We will assume the latter for the moment, but will show 
that the results will not change significantly in either case. The potential can then be 
written as 

g^exp' 171 ^ g a exp- m " r g n exp- m " r 
V(r) = (2) 

iy np /y 

where the gi, arising from the strong interaction van der Waals forces, are assumed to be 
independent of the weak scale. To find the dependence of V(r) on v/vq, we now need to 
ascertain the dependence of m u , m a and m n on v/vq (as well as the dependence of the 
nucleon mass, due to the input into the Schrodinger equation). 

The dependence of the pion mass on the weak scale is easily determined from the 
formula from chiral symmetry breaking, which gives m 2 oc f^{m u + rrid). Since /„- varies 
as Aqcd, which varies as (v/v^p, and m u + varies as v/vq, one can see that m n ~ 
(v/vo) a . The nucleon and the u primarily get their masses from QCD, which scale as 
Aqcd, but have small contributions from the current quark masses. In MeV, the masses 
are given by m nudeon = 921(v/v ) < ' + I8(v/v ) and m w = 768(w/i;o) c + 14(v/v ), where 
we have taken the up and down current quark masses to be 4 and 7 MeV, respectively. 

The mass of the sigma is a different matter, since it is a two-pion correlated state. We 



follow the work of Lin and Serot||T0[, who derive the mass of the a in terms of the pion 
mass, the nucleon mass and the pion-nucleon coupling constant. By varying the masses 
of the pion and nucleon in their expressions, we find that m a ~ (f/i7 ) ' 26 - This is not a 
surprising result. The a mass turns out to be very insensitive to the pion mass, and thus 
it can only scale as the nucleon mass, which scales as (v/vq) - 25 . It also indicates that 
the result is not significantly changed if one regards the a to be a real particle, since one 
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would expect such a particle to scale as the QCD scale, and Aqcd ~ (f/t>o) ' 25 . 

With the mass dependences, we now determine the strength of the nucleon-nucleon 
potential as v is varied. It is found that a 1% change in v affects the strength of the 
potential by 0.4% (in the same direction); a 10% change in v affects it by 4%. To 
see how robust this result is, we also considered a completely different nucleon-nucleon 



potential, due to Maltman and Isgur|TT|, using six-quark states. There are two parts 
to the potential, a modified one-pion exchange part and a part due to residual quark- 
quark interactions. The latter, which is most relevant for this analysis, is entirely due 
to QCD, and thus its variation with v only depends on the variation through Aqcd, 
which is determined dimensionally. The result is similar; a 1% decrease in v decreases 
the strength of the potential by 0.6%. 

Now that we have related the strength of the nucleon-nucleon potential to the depen- 
dence on v, we can go to the work of Oberhummer et al. who relate that to the rate of 
carbon production. Oberhummer et al. found that a decrease of 2 — 4% in the strength 
of the nucleon-nucleon potential leads to the virtual elimination of carbon production 
(Livio, et al. analyzed both 5 and 20 solar mass stars, although the result is insensitive 
to the precise stellar mass). Comparing with our result from the previous paragraph, we 
find that (conservatively taking a 4% decrease as our limit as well as the first potential 
model) one must have v/vq greater than 0.90. This substantially narrows the region 
found by ABDS, which had no effective lower bound on v/vq, but only an upper bound 
of between 1.4 and 5. 

How accurate is this result? As noted earlier, a precise determination of the effects of 
changing v on the rate of carbon production in stars would require solving the twelve-body 
problem with a varying nucleon-nucleon potential (not to mention three-body forces). 
Oberhummer et al. just varied the overall strength of the two-body potential. A full 
analysis does not seem possible at this time. We have related the change in the potential 



caused by the variation of v to an "average" potential strength. This "mean-field" ap- 
proach is not particularly precise, but is probably the best that can be done at this time, 
given our lack of understanding of nuclear dynamics. The fact that two very different 
models of the potential give a similar bound is encouraging. Thus, our bound should 
be taken as a reasonable approximation to the bound that could be obtained with a full 
understanding of the nuclear physics involved. 
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